Rates of plasma acetoacetate and total ketone-body production and oxidation to CO2 were determined by an isotope tracer technique in eight obese subjects undergoing progressive starvation. After a brief fast and under conditions of mild ketonemia and minimal ketonuria, rates of acetoacetate and total ketone-body production and oxidation were directly related to the increasing plasma concentration. After a longer fast and with severer ketonemia, acetoacetate and total ketone-body production and oxidation rates were higher but became constant and unrelated to the plasma concentrations. The maximum rates of total ketonebody production and oxidation were about 150 g/24 h and 129 g/24 h, respectively. Although an increased ketone-body production was the primary factor responsible for the hyperketonemia, an imbalance between production and removal of the ketone bodies cannot be excluded. Such an imbalance could account, at least in part, for the developing hyperketonemia and for the lack of relationship between production rates and plasma concentrations. A B S T R A C T Rates of plasma acetoacetate and total ketone-body production and oxidation to C02 were determined by an isotope tracer technique in eight obese subjects undergoing progressive starvation. After a brief fast and under conditions of mild ketonemia and minimal ketonuria, rates of acetoacetate and total ketone-body production and oxidation were directly related to the increasing plasma concentration. After a longer fast and with severer ketonemia, acetoacetate and total ketone-body production and oxidation rates were higher but became constant and unrelated to the plasma concentrations. The maximum rates of total ketone-body production and oxidation were about 150 g/24 h and 129 g/24 h, respectively.
INTRODUCTION
Starvation-induced hyperketonemia may result from an increased production or a decreased removal of the ketone bodies or a combination of these processes. Whereas an imbalance between rates of ketone body production and removal has been suggested as the cause of ketosis in fasting animals (1) (2) (3) (4) , similar information is not available in the human. Furthermore, no direct attempts have been made in humans to measure rates of ketone-body oxidation and their contribution to total body caloric economy, although these compounds have Received for publication 4 May 1973 and in revised form 5 October 1973. been shown to be important fuels for specific tissues during starvation (5, 6) .
In this study ketone-body production and oxidation rates were determined simultaneously in fasting humans with varying plasma acetoacetate (AcAc)' and 8-hydroxybutyrate (,8-OHB) concentrations by an isotope tracer technique.
METHODS
Subjects. Eight obese volunteers, initially weighing from 82 to 175% above ideal body weight, were selected for admission to the Clinical Research Unit of Lankenau Hospital (Table I) . Before admission, the purpose and potential risks of the procedure were discussed with each subject, and informed consent was obtained. All subjects had normal hemograms, urinalyses, serum thyroxine concentrations, electrocardiograms, and chest radiographs. In addition, sequential multiple analyzer 12/60 profiles (total protein, albumin, calcium, inorganic phosphorus, total bilirubin, uric acid, cholesterol, glucose, urea nitrogen, alkaline phosphatase, lactic dehydrogenase, and glutamic oxaloacetate transaminase) were normal in all subjects except E. K, who was a known diabetic patient at the time of admission and had fasting hyperglycemia. Her oral hypoglycemic drug was withheld during starvation.
During the 2-24 day starvation period, daily intake consisted of one multivitamin capsule (Unicap, Upjohn Co., Kalamazoo, Mich.) and at least 1,500 ml of water.
Preparation of [3- "C]AcAc. Previous experience in our laboratory had shown that 0.5 M sodium AcAc (NaAcAc), pH 7.4, when frozen and stored at -4C, is stable for periods of at least several months. This concentration was chosen for the primary [14C]AcAc solution. It was prepared from [3-14C] ethyl AcAc (Amersham/Searle Corp., Arlington Heights, Ill.) to which had been added freshly redistilled carrier. After hydrolysis for 1.5 h in a slight excess of 1.0 N NaOH, the solution was adjusted to pH 7.4 with 1.0 N HCl and lyophilized. Distilled water was added to yield a concentration of about 0.5 M NaAcAc, Methods of infusion and collections of blood, urine, and expired gases. On the day of the study the subject was at rest on a bed in a special room equipped with an efficient ventilation system to exhaust exhaled l'CO2 and to maintain normal room air gas content. The subject voided before the study, and urine was collected throughout and at the close of the experimental period. Under local anesthesia a catheter was placed percutaneously in a peripheral artery for collecting blood samples. An antecubital venous catheter was inserted for the 1'C tracer infusion.
Immediately before use the primary [14C]AcAc solution was thawed and an appropriate aliquot containing /ACi (1-3 ml) was diluted to 100 ml with sterile isotonic saline. The specific activity of the tracer ranged from [1] [2] GCi/mg and had a radiochemical purity of at least 97%. For determination of radioactivity in total ketone bodies, ,a-OHB was enzymatically converted to AcAc, carrier AcAc was added, and the distillation and counting procedures repeated. In order to accomplish the enzymatic conversion, a reaction mixture similar to that employed by McGarry, Guest, and Foster (10) was used. A mixture containing 1,500 Amol Tris buffer, pH 9.3, 12 jnmol NAD+, and 20 .ul of fi-OHB dehydrogenase, 15 U/ml (Boehringer Mannheim Corp., New York) in a final volume of 3 ml was used.
This system was found to stoichiometrically convert 0.5 /umol of p8-OHB to AcAc in 1 h and was used when concentrations of 8-OHB up to 0.5 tmol/ml of supernate were found. At higher concentrations, encountered in the subjects fasted for long periods of time, appropriate modifications in the reaction mixture were made so that at least 1 ml of supernate was always used, and the quantity of radioactive material taken for assay was not compromised.
In practice, the reaction was accomplished in a 300-ml round-bottom flask at room temperature for 2.5 h. Thereafter, 30 ,Amol of carrier AcAc, 2.0 ml of 50%o H2S04, and sufficient distilled water to make a final volume of 100
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Aqueous and plasmna standards containing known amounts of [3-'4C]AcAc and [3-"C]#-OHB (as the DL mixture)
were subjected to the complete procedure and 98-102%o of added radioactive AcAc and D(-)-,f-OHB was recovered from all studies.
Respiratory gas samples were obtained simultaneously with each blood sample. The gas samples were analyzed for 02, C02, and 14C02 content as previously described (11) .
Aliquots of pooled urine were assayed for AcAc and ,6-OHB by enzymatic techniques (7), for total radioactivity by counting in Bray's solution (12) , and for radioactivity in AcAc and total ketone bodies by the procedure described for plasma. During the infusion period in each study periodic blood samples were obtained and analyzed for glucose (13) and free fatty acids (FFA) (14) . In the latter assay, a double extraction technique was used to avoid interference due to high concentrations of plasma ketone bodies.
Calculations. The rate of AcAc production was calculated from the infusion rate of the tracer and the mean specific activity of plasma AcAc by the equation:
Rate of production = infusion rate (n Ci/min) specific activity (n Ci/humol)
The AcAc production rate represents an underestimation of the total ketone-body production to the extent that isotopic equilibration between AcAc and 6-OHB does not occur. Therefore, the rate of total ketone-body production was calculated from the infusion rate of the tracer and the mean specific activity of the total plasma ketone bodies, as suggested by McGarry et al. (10) .
Under steady state conditions and during the continuous infusion of a tracer, the specific activity of exhaled C02 and the '4CO2 output rose in the form of an exponential curve that asymptotically approaches a constant value. The rise is due to a slow exchange between the '4CO2 derived from oxidation of the infused tracer and the unlabeled bicarbonate pool. The constant value represents the ideal situation in which the exhaled CO2 and the bicarbonate pool have the same specific activity as the CO2 arising from tissue oxidation. During the continuous infusion of ["C] -bicarbollate a similar pattern of behavior in the specific activity of exhaled C02 has been observed in animals (15) and humans (11) . In the human studies, the asymptotic value of C02 specific activity was reached after 480 min of continuous infusion. After this time the specific activity of exhaled C02 was reasonably constant and the recovery of "CO2 in exhaled air was 80% of that administered during any given infusion period. The incomplete recovery was probably due to the presence of bicarbonate pools that turn over very slowly, i.e. bone (15) , and to incorporation of "CO2 into other compounds, i.e. urea (16) . It is reasonable to assume that "CO2 derived from the oxidation of other tracers would be recovered at a rate no greater than that observed for ["C]bicarbonate. On the basis of the known recovery of 14CO2 during the continuous infusion of ["C]bicarbonate it is possible to derive an equation whereby the recovery of 14CO2 and the specific activity of C02 at any time during the infusion of a tracer may be corrected. The methods and equations necessary to do this were originally described by Steele, Altszuler, Wall, Dunn, and de Bodo (15) and previously applied to studies of free fatty acids, glucose, and glycerol metabolism in man (11, 17, 18) . For these latter studies an equation describing the recovery of "CO2 in humans fasted for 12-14 h was provided by Issekutz, Paul, Miller, and Bortz (11) . More recently, we have extended these studies to include a group of obese subjects who fasted overnight and for periods of 20-35 days. Despite the appearance of metabolic acidosis in the subjects, no major differences in the rate of appearance of "'CO2 in exhaled air were noted after administration of ["Cibicarbonate (unpublished data). Thus, the percent of C02 derived from the oxidation of plasma AcAc and the rate of oxidation of plasma AcAc were calculated by the usual procedures (11) . With the same methods of calculation, but based on the mean specific activity of plasma total ketone bodies, the percent of C02 derived from the oxidation of plasma total ketone bodies and the rate of oxidation of estimated.
plasma total ketone bodies were also Table II the mean arterial metabolite concentrations in each subject during the ["4C]AcAc infusion period are shown. One subject (F. R.) was studied after 3 and 24 days of fast. The blood glucose concentration of the known diabetic subject (E. K.) was 9.9 umol/ml (178 mg/ 100 ml) despite a 3-day fast. After the 2-3-day fast, plasma ketone-body concentrations showed considerable subject-to-subject variations.
Specific activity of plasma ketone bodies and respiratory C02. Time course changes in the specific activity of plasma AcAc, fi-OHB, total ketone bodies, and respiratory C02 during an 8-h infusion of ["4C]AcAc in a 3-day fasted subject (D. D.) are shown in Fig. 1 . Throughout the infusion period the specific activity of AcAc, p-OHB, and total ketone bodies remained reasonably constant while that of the respiratory C02 rose, at first linearly, and then at a gradually decreasing rate. In each subject there was a rapid appearance of ["4C]P-OHB in plasma during the infusion of [14C]AcAc. The specific activities of the ketone bodies never became equal, although a constant and maximal ratio usually occurred within 1 h after the start of the infusion. The specific activity of f-OHB ranged from 35-72% that of AcAc in the nine studies performed. Generally, the higher ratios were found in the subjects with higher plasma ketone-body concentrations.
AcAc production and oxidation rates. AcAc production and oxidation rates are shown in Table III , and are plotted against the plasma concentration in Fig. 2 . Although the data are limited, the plasma AcAc concentration appeared to be an exponential function of AcAc production. In the subjects fasted for 2-3 days, excluding the diabetic subject E. K., the fraction of the AcAc produced that was immediately oxidized averaged 98.4±4.6% while in those fasted for 17-24 days, the average was 84.2±3.0%. This decrease was significant (P < 0.05). Total ketone-body production and oxidation rates. Total ketone-body production and oxidation rates are listed in Table III and are plotted against the plasma concentration in Fig. 3. Fig. 3 reveals a direct relationship between plasma total ketone-body concentrations and production rates up to about 4 ,umol/ml, above which there was a constant total ketone-body production of about 11 ,xmol/kg/min. In the subjects fasted for 2-3 days, excluding the diabetic subject E. K., the fraction of the total ketone-body production that was immediately oxidized averaged 97.6±5.7% while in those fasted for 17-24 days, the average was 84.3±3.2%. The maximum rate of total ketone-body oxidation was about 9 Aemol/ kg/min and was achieved at a plasma concentration of about 4 Amol/ml. The percentage of respiratory C02 derived from total ketone-body oxidation averaged 37.3% (31.3-44.0) in the subjects fasted for 2-3 days and 43.6% (39.2-48.0) in those fasted for 17-24 days.
Urinary excretion of ketone bodies. In these studies each subject voided immediately before and after the Table I Priming Infusion The subject, D. D., had fasted for 3 days. which accounted for 30-80% of the total radioactivity present, may have been due to the small amount of rom the subject fasted for 3 days and shown impurity present in the administered tracer. Also, excre-V, 1-2% of the infused radioactivity was re-tion of ["4C]urea (16) or bicarbonate cannot be excluded, covered in urine during the infusion period while a somewhat higher recovery, 3-11%, was found in those fasted for 24 days. As expected, the excretion of AcAc and fi-OHB, shown in the last two columns of the Total Plasma Ketone Bodies pmol/ml FIGURE 2 Relationship between AcAc production and oxi-FIGURE 3 Relationship between total ketone-body producdation rates and plasma concentrations. tion and oxidation rates and plasma concentrations. Our data show that a rapid increase in AcAc and total ketone-body production occurred early during progressive ketosis induced by starvation. After 2-3 days of fasting, under conditions of mild to moderate ketonemia and ketonuria, AcAc and total ketone-body oxidation rates were about 98% of the production rates. The small difference between these rates, which could not be accounted for by the average urinary excretion rate of about 0.14 ,mol/kg/min (Table IV) (Table IV) .
The difference between the rate of total ketone-body production and removal is about 7 g/24 h. It is important to note that the imbalance between ketone-body production and removal rates that we observed afer short and long periods of fast may be due to inherent methodological errors or limitations involved in estimating these processes. For example, other investigators have demonstrated that labeled carbon from ["4C]ketone bodies is incorporated into compounds other than C02, i.e., fat and protein (20, 21) . Balasse and Havel (20) suggested that this process, which may be due to isotopic exchange, could result in an underestimation of ketone-body oxidation rates. A similar underestimation in our studies could account for the discrepancy we have observed. Certainly, after 24 days of fasting, blood ketone-body concentrations are reasonably constant on a day-to-day basis (22) , indicating that rates of production and removal are equal.
The relationship between rates of ketone-body production or oxidation and plasma concentration that we have found in fasting obese humans is remarkably similar to that observed in rats (23) , rabbits (24) , sheep (3, 25) , and dogs (20) . However, because of higher metabolic rates in smaller animals, absolute rates of ketone-body production and oxidation are not comparable to those in the human. It is of interest that only about one-half of the ketone-body production could be accounted for by immediate oxidation to C02 in ketotic sheep (3, 25) and dogs (20) (26) and adipose tissue (21, 27) have been shown to utilize ketone bodies.
The available literature contains limited information on rates of ketone-body production and utilization in humans during total starvation. With catheterization techniques in obese subjects fasted for 3-6 wk, net total ketone-body production rates of 109 g/24 h and utilization rates including ketonuria of 112 g/24 h have been reported (28) . The values obtained in this study by an isotope tracer technique are greater. Recycling of radioactivity, assumed to be negligible (10), would have resulted in an error in the opposite direction, i.e., an underestimation of the production rate. The use of total ketone-body specific activity as a base for calculation may also have resulted in some error, but this procedure was necessary because of the lack of isotopic equilibration between AcAc and f-OHB. However, the major reason for the discrepancy is probably due to the fundamental differences in the parameters that each technique measures. Although the liver is the only organ that makes a net contribution of ketone bodies to the bloodstream, evidence has been presented that certain tissues of the human may produce and utilize ketone bodies simultaneously (22, (28) (29) (30) . In such tissues isotope tracer techniques would detect ketone-body production and utilization not determined by direct balance methods.
The ability of renal tissue to produce and utilize ketone bodies simultaneously is well recognized (22, 30) . The use of direct balance techniques in the fasted human has shown a large renal extraction of 8-OHB and a small release of AcAc into the bloodstream (22) . The results of the present study also indicate a renal production of AcAc, although the source of this ketone body cannot be established. It may arise by a de novo synthesis from precursors such as plasma FFA, amino acids, or i3-OHB. Of the total AcAc produced by renal tissue, only that appearing in urine can be estimated. In our studies, this quantity is small compared to the total endogenous production.
On the basis of theoretical considerations, a maximum rate of total ketone body production in the human of about 200 g/24 h has been proposed (31) . Splanchnic production rates of 195 and 385 g/24 h have been reported in two diabetic patients with severe ketoacidosis (32) .' The average rate observed in our subjects, about 150 g/24 h, is somewhat less than these values. However, there is no reason that the rate of ketogenesis during starvation should be maximal; it is more reasonable to assume the rate should be high enough to meet the 2In a third patient, total ketone-body production was 11 g/24 h. physiologic need. During starvation, this need is reasonably large, and an important role of the ketone bodies as they contribute to caloric homeostasis has been emphasized (6) . The rate of total ketone-body oxidation in our subjects was about 129 g/24 h. Assuming an average caloric value of 4.5 kcal/g (33) , it may be calculated that the oxidation of these substrates provided' about 580 kcal/24 h or about 32% of the basal daily caloric expenditure of 1800 kcal (22) . Rates of glucose oxidation of about 50 g/24 h (200 kcal/24 h) have previously been reported for obese subjects of similar body weight and duration of fast (17) . The remainder of the basal metabolic expenditure, about 1000 kcal/24 h, is undoubtedly derived from the terminal oxidation of FFA and would require about 110 g/24 h of this substrate. The production of 150 g/24 h of ketone bodies, about 1.5 molb would consume an additional 96 g/24 h of FFA.' Thus, the rate of oxidation of FFA to ketone bodies and to C02 and H20 is about 206 g/24 h and accounts for approximately 45% of the total FFA turnover, which ranges from 450-480 g/24 h in long-fasted obese subjects (18, 34) .
